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ABSTRACT
The presence of fallback disks around young neutron stars has been invoked over the years to explain a large
variety of phenomena. Here we perform a numerical investigation of the formation of such disks during a
supernova explosion, considering both neutron star (NS) and black hole (BH) remnants. Using the public code
MESA, we compute the angular momentum distribution of the pre-supernova material, for stars with initial
masses M in the range 13 − 40 M⊙, initial surface rotational velocities 3surf between 25% and 75% of the
critical velocity, and for metallicities Z of 1%, 10% and 100% of the solar value. These pre SN models are
exploded with energies E varying between 1050−3×1052 ergs, and the amount of fallback material is computed.
We find that, if magnetic torques play an important role in angular momentum transport, then fallback disks
around NSs, even for low-metallicity main sequence stars, are not an outcome of SN explosions. Formation
of such disks around young NSs can only happen under the condition of negligible magnetic torques and a
fine-tuned explosion energy. For those stars which leave behind BH remnants, disk formation is ubiquitous if
magnetic fields do not play a strong role; however, unlike the NS case, even with strong magnetic coupling in
the interior, a disk can form in a large region of the Z, M, 3surf, E parameter space. Together with the compact,
hyperaccreting fallback disks widely discussed in the literature, we identify regions in the above parameter
space which lead to extended, long-lived disks around BHs. We find that the physical conditions in these disks
may be conducive to planet formation, hence leading to the possible existence of planets orbiting black holes.
Subject headings: stars: evolution — stars: neutron — supernovae: general — accretion, accretion disks
1. INTRODUCTION
The presence of fallback associated with supernova (SN)
explosions was recognized since early SN studies (Colgate
1971; Chevalier 1989). It occurs when part of the ejecta fails
to achieve terminal escape velocity and accretes onto the cen-
tral compact object. If some of this material has angular mo-
mentum larger than the keplerian value at the last stable orbit
(or at the surface of the compact object, if a neutron star), then
the formation of a disk is expected.
Fallback disks around newly born compact objects have
been invoked to explain a large variety of phenomena. Hyper-
accreting disks formed from the fallback of massive, rapidly
rotating stars, whose iron cores collapse into black holes,
are believed to provide the energy source that powers the
class of long-duration Gamma-Ray Bursts (GRBs) (Woosley
1993, MacFadyen % Woosley 1999). MacFadyen & Woosley
(1999) studied the formation and evolution of such a disk nu-
merically, following the explosion of a 35 M⊙ main sequence
star with angular momentum in the 3 × 1016 − 2 × 1017 cm2
s−1 range. The detailed angular momentum structure of the
fallback material is believed to play a role in the early X-ray
emission following the prompt GRB (e.g. Kumar et al. 2008;
Cannizzo & Gehrels 2009; Perna & MacFadyen 2010; Geng
et al. 2013).
In the case of neutron stars (NSs), there is a much larger
variety of phenomena that has been potentially ascribed to
the presence of a fallback disk. Michel & Dessler (1981)
and Michel (1988) originally emphasized that the presence
of such disks can play a role in the evolution of young NSs.
Lin, Woosley & Bodenheimer (1991) noticed how such disks
can provide a clue regarding the formation of planets around
young neutron stars, while Chatterjee, Hernquist & Narayan
(2000), and Alpar (2001) showed how fallback disks around
NSs of ages ∼ 104 − 105 yr can produce, by accretion onto
the NS surface, X-ray luminosities as high as ∼ 1035 − 1036
erg/s. These are sufficient to explain the X-ray luminosities of
the Anomalous X-ray Pulsars, a class of neutron stars whose
X-ray luminosity is 1-2 orders of magnitudes higher than their
spin down energy, at odds with the more traditional radio pul-
sars, whose X-ray emission is powered by their rotational en-
ergy loss. Fallback disks have also been invoked (Xu et al.
2003; Shi & Xu 2003) to explain the observational properties
of the central compact objects (Pavlov et al. 2004) in super-
nova remnants.
The effects of fallback disks on the spin evolution of neu-
tron stars have been discussed by a number of authors. Mars-
den, Lingenfelter & Rothschild (2001) pointed out how the in-
teraction of a putative fallback disk with the magnetosphere of
a NS can significantly modify its spin down rate, and as such
help cure the discrepancy between the characteristic and the
actual age that has been observed in some pulsars. Menou et
al. (2001a; see also Chen & Li 2006; Yan et al. 2012) showed
how the extra torque provided by this putative fallback disk
can also result in braking indices which depart from the value
of 3 expected for spin down by pure dipole radiation. Black-
man & Perna (2004) further noticed that the presence of such
a disk can play an important role for producing the jets that
are observed in some of these pulsars, such as Crab and Vela.
Qiao et al. (2003) proposed a fallback disk model for peri-
odic timing variations of pulsars. Cordes & Shannon (2008)
were able to explain the properties of the recently discovered
transient pulsars by means of asteroids formed from a fallback
disk and occasionally migrating into the pulsar light cylinder.
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Fig. 1.— The distribution of specific angular momentum in the pre-SN star for main sequence stars of 1% solar metallicity and a range of initial surface
rotational velocities, expressed in units of the critical velocity. Dashed and dotted lines in the upper region of each panel represent, respectively, the specific
angular momentum of the last stable orbit around a Schwarzschild black hole and a maximally rotating Kerr black hole (of mass equal to the enclosed mass). The
spin parameter of the enclosed material is shown, for each pre-SN model, in the bottom region of each panel.
The mass ejected by fallback in a supernova explosion has
been invoked as a production site for the r-process (Fryer at
al. 2006), as well as a potential source of power to SN light
curves (Piro & Ott 2011; Dexter & Kasen 2013).
From an observational point of view, fallback disks around
NSs of 104 − 105 yr are expected to be especially bright in
infrared radiation (Perna, Hernquist & Narayan 2000), and
there have been many searches aimed at detecting such emis-
sion (see e.g. Mignani et al. 2007 for a review), resulting in
some strong hints of possible detection (Wang, Chakrabarty
& Kaplan 2006).
All the various models and scenarios discussed above, pro-
posed to explain a large variety of astrophysical phenom-
ena, especially in the context of the NS compact object rem-
nants, depend crucially on the specific properties of the fall-
back disks. In particular they depend on the specific angu-
lar momentum content, which eventually determines the post-
fallback circularization radius. Once fallback has ended, this
initial radius, coupled with the local viscous timescale, will
determine the initial accretion rate. After their formation, the
evolution of fallback disks can be modeled following the re-
sults of semi-analytical and numerical studies (e.g Cannizzo,
Lee & Goodman 1990; Cannizzo & Gehrels 2009; Shen &
Matzner 2013): an early phase of constant accretion rate, last-
ing on the order of the viscous time, followed by a powerlaw
decay. Once the initial accretion rate ˙M0 is known, then the
subsequent evolution is determined in a self-similar fashion.
Crucial, therefore, are the initial conditions, i.e. the mass and
location of the matter that falls back and hence determines
˙M0. These can only be determined accurately by means of nu-
3merical simulations of the collapse of massive rotating stars,
and a distribution of angular momenta.
Numerical simulations of pre-SN profiles in stars with a
range of masses and metallicities have been performed by a
number of authors (e.g. Woosley & Weaver 1995; Fryer &
Heger 2000; MacFadyen, Woosley & Heger 2001; Heger,
Woosley & Fryer 2003; Woosley & Heger 2006; Yoon,
Langer & Norman 2006; Zhang, Woosley & Heger 2008;
Woosley & Heger 2012). The aims of these works ranged
from an investigation of the properties of GRB progenitors,
to a determination of the rotational properties of the compact
object remnants, to the yields of heavy elements produced by
nucleosynthesis. Among the studies specifically devoted to
fallback disk formation, the focus has been on the compact,
hyperaccreting disks believed to power GRBs.
In this paper we take a new look at the problem of mas-
sive star collapse, by concentrating our numerical study on
the properties of the fallback material that does not hyperac-
crete rapidly onto the newly born compact object, but that is
instead able to form a long-lasting accretion disk. We take ad-
vantage of the recent inclusion of stellar rotation in the public
MESA code for stellar evolution (Paxton et al. 2013), which
allows us to run a large grid of models. Our study is aimed at
determining the range of initial conditions (mass, circulariza-
tion radius) of the fallback material as a function of mass and
angular momentum of the progenitor star, both for the BH and
the NS remnant cases. For the special case of the NS remnants
(not treated so far in the numerical literature), we aim at as-
sessing whether the properties of these fallback disks around
newly born NSs are consistent with those needed to explain a
wide range of NS phenomena as described above.
Our paper is organized as follows: in Sec. 2 we describe the
grid of main sequence star models that we use (60 models, or-
ganized in a grid of 3 metallicities, 4 masses, and 5 initial
angular velocities), and how they are evolved with MESA.
Given the importance of magnetic torques in the transfer of
angular momentum between various layers, we further ex-
plore, for a subset of cases, the dependence of the pre-SN
angular momentum on the presence (or not) of such magnetic
torques. Sec. 3 describes how the stars are exploded, and
the resulting fallback mass as a function of explosion energy
and initial star configuration. Sec. 4 takes the results from
Sec. 2 and 3 in order to evaluate the properties of the stars
for which fallback disks are expected, and, when so, to com-
pute their initial properties and estimate their time evolution.
We find that extended, long-lived disks around isolated NSs
require very fine-tuned initial conditions, and hence they are
not expected to be a common outcome of SN explosions. Ex-
tended, long-lived disks could instead be found around BHs
of M & 10 − 15 M⊙, with conditions possibly suited to planet
formation. We summarize our findings in Sec. 5.
2. MASSIVE STAR MODELS AND THEIR PRE-SUPERNOVA
ANGULAR MOMENTUM DISTRIBUTION
The fate of fallback matter after the SN explosion is primar-
ily determined by two factors: the angular momentum distri-
bution of the pre-SN star, and the explosion energy during the
SN. The former determines whether there is any matter with
specific angular momentum larger than the local Keplerian
value, while the latter determines whether that high- j matter
remains bound and hence can circularize around the newly
born compact object. We describe in this section the compu-
tation of the pre-SN models, while in the following section we
describe how the stars are exploded.
We compute the pre-supernova angular momentum profiles
by evolving star models with the state-of-the-art open source
code MESA (Paxton et al. 2011, 2013). This code includes
the physics of rotation, the implementation of which has been
extensively discussed in Paxton et al. (2013). We refer to this
latter work for the details of the angular momentum transport
mechanisms due to rotation and magnetic torques adopted in
this paper.
A number of studies (Maeder 1987; Yoon & Langer 2005;
Woosley & Heger 2006; Yoon et al. 2006; Paxton et al. 2013)
have shown that, at a certain threshold (surface) rotation rate
(3surf,ini/3crit)thres, the evolution on the H-R diagram bifurcates.
The critical surface equatorial velocity 3crit is defined as
3crit
2 =
(
1 − L
LEdd
)
G M
R
(1)
where R is the radius of the star of mass M, and LEdd =
4picGM/κ, with κ the opacity. Above this threshold, internal
mixing processes are able to inhibit the formation of a strong
compositional gradient in the star, which is otherwise built by
nuclear burning in the stellar core. What ensues is a chemi-
cally homogeneous evolution. Stars evolving this way avoid
a core-envelope structure and become compact Wolf-Rayet
stars already during H-burning. Their core, which is not dra-
matically spun down by coupling with an extended envelope,
retains a high angular momentum prior to collapse if the wind
mass-loss is not too strong (e.g. at low metallicity). On the
other hand, stars below this threshold undergo a “canonical”
evolution and experience a RSG phase, with their core los-
ing a substantial amount of angular momentum. The precise
value of (3surf,ini/3crit)thres is firstly a function of the mass of
the star, with a further dependence on metallicity. More mas-
sive stars evolve chemically homogeneously at a lower value
of (3surf,ini/3crit). This is because the Eddington-Sweet circula-
tion, which, beside convection, is believed to be the dominant
mixing process during the main sequence of rotating massive
stars, has a timescale proportional to the Kelvin-Helmholtz
time scale, τES ∝ τKH (3surf,ini/3crit)−2. For main sequence
stars the Kelvin-Helmholtz timescale decreases with increas-
ing mass. Moreover, in massive stars the increasing radia-
tion pressure weakens the entropy barrier, resulting in more
efficient internal mixing (Yoon et al. 2006). On the other
hand, higher metallicity means an increasing amount of mass
loss (and hence angular momentum loss) through line-driven
winds. This tends to slow the star down, requiring a larger
value of (3surf,ini/3crit) for the star to follow the chemically ho-
mogeneous branch. Note that even if a star begins evolving
chemically homogeneously on the zero age main sequence,
its wind can quickly remove angular momentum and the star
moves back to a canonical evolution. In our calculations mass
loss has been implemented according to the recipe described
in Yoon et al. (2006). Note that massive rotating stars can
approach critical rotation during their evolution, which is ex-
pected to lead to an enhancement of the stellar mass loss. This
is calculated according to the prescription (see Sec. 6.4 in Pax-
ton et al. 2013)
˙M (Ω) = ˙M(0)
(
1
1 −Ω/Ωcrit
)0.43
, (2)
whereΩ is the surface angular velocity, andΩcrit is the critical
angular velocity at the surface (Ω2
crit = (1− L/LEdd) GM/R3 =
3crit/Rcrit, where Rcrit is the equatorial radius at breakup, which
is 1.5 times the polar radius).
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Fig. 2.— Same as in Fig 1, but for main sequence stars of 10% solar metallicity.
The mass loss timescale is limited to the thermal timescale
of the star τKH
˙M = min
[
˙M(Ω) , 0.3 M
τKH
]
. (3)
Convective regions are determined according to the Ledoux
criterion. Semiconvection according to the prescription of
Langer et al. (1983) is used, with a parameter αsc = 1.00.
In order to explore a significant parameter space in ve-
locity, mass, and metallicity, we use MESA to evolve a
grid of 60 models, characterized by 3 values of metallic-
ity, (Z = 1%, 10% and 100% Z⊙), 4 values of mass (M =
13, 20, 30, 40 M⊙), and 5 values of surface rotation veloc-
ity (3surf,ini = 0.25, 0.32, 0.37, 0.5, 0.75 3crit). As our “stan-
dard” set of models, we consider calculations that include
internal angular momentum transport by magnetic torques.
These magnetic fields arise in radiative zones and are be-
lieved to be produced by dynamo action transforming part of
the rotational energy into magnetic energy (Spruit-Tayler dy-
namo; Spruit 2002). While the reality of this dynamo loop
in stars is currently debated (e.g., Braithwaite 2006; Zahn et
al. 2007), models including this extra angular momentum
transport mechanism do a much better job predicting the fi-
nal spin rate of compact remnants (Heger et al. 2005; Suijs et
al. 2008). Therefore, we have adopted here as our standard
evolution one that includes magnetic coupling. However, for
a few significant cases, we also explore the influence on the
results of the lack of magnetic fields during evolution. When-
ever we need to refer to a specific model within the standard
set, we will use the notation ZxxMyyvzz, where xx is the per-
centage of solar metallicity, yy is the mass in solar units, and
zz is the percentage of the critical velocity.
The MESA runs are set up to proceed until the onset of
core collapse, defined as the moment when any part of the Fe
core is falling with a velocity 3 ≥ 1000 km s−1; however, for
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Fig. 3.— Same as in Fig 1, but for main sequence stars of solar metallicity.
some models, the timestep adopted by MESA past core Car-
bon burning become prohibitively small. As at this time the
star has only a few years to live, the amount (and distribution)
of angular momentum is not expected to change substantially.
Therefore the conclusions that we draw on the angular mo-
mentum distribution of the fallback matter are expected to re-
main robust, regardless of the particular endpoint, past core
C-burning, chosen for the model.
Models at solar metallicity have been evolved using an arti-
ficial reduction of the superadiabaticity (δ∇ ≡ ∇T − ∇ad) in ra-
diation dominated convection zones. Here ∇T and ∇ad are the
actual temperature gradient and the adiabatic temperature gra-
dient, respectively. This reduction is applied in regions where
the mixing length theory (MLT) is out of its domain of ap-
plicability and MESA (like other 1D stellar evolution codes)
struggles with very short timesteps. This approach (MLT++)
is thoroughly described in Paxton et al. (2013). In this study
we reduced the superadiabaticity of Z = Z⊙ models by a factor
10−2 when δ∇ > 10−4.
Figures 1, 2, 3 show the specific angular momentum distri-
bution in the pre-SN stars for three values of the metallicity
(0.01Z⊙, 0.1Z⊙ and Z⊙), and a range of ZAMS rotational ve-
locities between 0.25 and 0.75 of the critical value. For each
of the models, we also show the distribution of the spin pa-
rameter a = J/M of the enclosed mass.
While the above are our “standard” model, we also con-
sider, for a few cases, how the pre-SN angular momentum
distribution is modified in the case of no magnetic coupling.
Since this is of particular relevance for the possibility of form-
ing fallback disks around NS remnants, we consider models
which leave behind a NS. Figure 4 shows a comparison be-
tween models with and without B fields, for two solar metal-
licity models with mass 16 and 20 M⊙ and a rotational veloc-
ity of 3surf,ini/3crit = 0.2 and 3surf,ini/3crit = 0.25. Also indicated
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Fig. 4.— Comparison between the distributions of specific angular momentum in the pre-SN star with and without the inclusion of magnetic torques. These
stars, at solar metallicity, leave behind a NS remnant. The dashed horizontal line indicates the specific angular momentum needed for circularization at the NS
radius, for a typical R = 10 km. The region to the left of the vertical lines indicates the mass which collapses to a NS.
Fig. 5.— Comparison between the distributions of specific angular momen-
tum in the pre-SN star with and without the reduction of superadiabaticity
in radiation dominated envelopes (MLT++). The comparison is for a 20M⊙
model at Z = Z⊙ initially rotating at 37% of critical velocity.
is the minimum specific angular momentum for material to
circularize just outside of a NS of mass equal to that of the
iron core in the simulation, and a typical radius of 10 km. It is
evident how the lack of magnetic torques results in a substan-
tially larger specific angular momentum in the layers outside
of the iron core. This is because the core of the star evolves
essentially decoupled from the envelope, and is able to retain
a large fraction of its initial angular momentum.
To assess the effect of the adoption of the MLT++ in our
solar metallicity models, we evolved a 20M⊙ model initially
rotating at 37% of its critical velocity, with and without the
reduction of the superadiabaticity. A comparison of the final
angular momentum distributions is shown in Fig. 5, revealing
minimal differences between the two calculations. For mod-
els above ∼ 25M⊙ at solar metallicity, similar tests cannot
be performed, as in that case calculations that do not include
the MLT++ cannot reach core collapse (this is the reason why
MLT++ has been implemented in the first place, see Paxton et
al. 2013). In general, we expect the integrated mass and angu-
lar momentum loss to be affected by the adoption of MLT++,
since this tends to change the surface stellar radius (hence sur-
face temperature, entering the calculations of the mass loss
rate). Such uncertainty is even larger for rapidly rotating mod-
els, where the evolution of the stellar radius (affected by the
efficiency of energy transport in the stellar envelope) has an
important role in determining the amount of mass lost at criti-
cal rotation. Until a better theory for energy transport in radi-
ation dominated zones is available, we have to consider these
results highly uncertain. Since the models at solar metallicity
have not been considered for the explosion calculations (disk
formation is marginal for Z = Z⊙), the adoption of MLT++
does not affect the stellar explosions calculations presented in
Sec. 3 and, overall, the major conclusions of this paper.
The fate of the material ejected during the explosion de-
pends on both its specific angular momentum, as well as on
the energy of the explosion, which determines the amount of
mass that remains bound, and hence falls back. The latter is
discussed in the following section.
3. STELLAR EXPLOSIONS AND THEIR FALLBACK MASS
The fallback dynamics are computed by means of direct
numerical calculations of the explosion. These calculations
are performed using a one-dimensional version of the TESS
code (Duffell & MacFadyen 2011, 2013). TESS is a multi-
dimensional moving-mesh hydrodynamics method, which is
both Lagrangian and shock-capturing. As a result, the ex-
pansion of the shock through the many layers of the star is
captured very accurately.
Each calculation is initiated as follows: The final state of
a MESA run is used as initial conditions for the density and
pressure of the star. The mass of the iron core is subtracted
from this density profile and re-introduced as a point mass, to
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Fig. 6.— Fallback matter (i.e. amount of mass which remains bound) as a function of the explosion energy for stars with metallicity Z = 0.01Z⊙ (left panel)
and Z = 0.1Z⊙ (right panel), and for the ’standard model’ with magnetic torques. Results for three values of the initial rotational velocity of the star are displayed.
We have not displayed the data points for those simulations for which the shock had not had yet the time to cross the outer layers of the star during the run time
of the simulation. This is the case for those stars which do not undergo significant mass loss during their evolution, and hence have extended envelopes in the
pre-SN state.
simulate the formation of the compact object. A fixed thermal
energy is then added within a small radius (1.5 times the ra-
dius of the core), which causes an expansion and accelerates
a shockwave which pushes its way out of the star. The inner
boundary is initially reflecting for the first phase of evolution,
as the gas is accelerating. After this thermal energy has been
converted into kinetic energy in the shockwave, fallback can
begin (this typically takes about 10 seconds). At this point,
we switch the boundary to be absorbing, and mass can freely
pass through the inner boundary and be added to the compact
point mass at the origin. After the shock has crossed a given
radius r, fluid elements interior to this radius have been accel-
erated and can either escape the gravitational potential of the
interior mass, or freely fall back. At any given time, we can
define a critical radius, rbound, as the largest radius such that
all material interior to it is bound. We calculate this radius
and measure the amount of mass in its interior, Mbound(t), as
a function of time. At late times, this mass asymptotes to a
finite value Mbound(∞) ≡ Mfallback, which is the total fallback
mass.
For each pre-SN model, we simulated the star explosion for
a broad range of explosion energies. We note that the mech-
anism for core collapse supernova explosions remains a topic
of current intensive research. Indeed, many detailed numeri-
cal simulations (e.g. Herant et al. 1994; Burrows et al 1995;
Woosley & Janka 2005; review by Janka et al. 2007 and refer-
ences therein) are not able to achieve a successful explosion,
especially for the higher mass stars. Since the explosion dy-
namics depends on complex non-linear interactions between
neutrinos interacting with fluid in a turbulent “gain” region
(e.g. Liebendorfer et al. 2005), it is still not possible at present
to calculate the explosion energy with any certainty. In the fu-
ture, high resolution 3D simulations with full neutrino trans-
port schemes may be able to solve this problem. Lacking a
definitive detailed calculation for the explosion dynamics, the
precise kinetic energy released must be constrained by obser-
vations. Here we have used a range of kinetic energies con-
sistent with observations as well as with the recent literature
(e.g. Nomoto et al. 2006; Mazzali et al. 2013).
Fallback masses for a range of star models and explosion
energies are plotted in Figure 6; in particular, for the stan-
dard models with magnetic coupling, we simulated the explo-
sion of stars with metallicities of 1% and 10% of the solar
value, since the possible formation of a disk is marginal at
solar metallicity in these models.
Note that, due to computational limitations, we do not
explicitly evolve the system to all the way to fallback, as
this process can take an arbitrarily large amount of time for
marginally bound fluid elements. Typically we evolve the sys-
tem for a time tfin = 2 × 103 seconds. We should further note
that, for some models, this running time is not even enough for
the shock to push its way through the entire star. In particular,
models with extended envelopes which have not undergone
substantial mass loss take a very long time for the shock to
cross the star (∼ 107 seconds). This was generally found to be
the case in the models with slow rotation (3surf,ini = 0.253crit),
and also for the 10% metallicity example at moderate rotation
(3surf,ini = 0.373crit). Longer run-times are computationally
expensive, especially given the large number of models and
explosion energies being calculated here. However, for these
cases, the outer layers of gas have a relatively low binding en-
ergy, and hence even a very weak explosion can unbind this
mass. If the explosion energy is much larger than this binding
energy, we expect the results to not depend sensitively on the
outer layers. For a few of the models (in particular Z1M13v32
and Z10M13v32, see Sec. 4.2.2), we have explicitly run the
calculation to a much longer time, tfin = 107 seconds, to verify
that these outer layers do indeed behave as we expect them to.
For the reasons mentioned above, we have found in prac-
tice that the details of these marginally-bound outer layers are
8only important for very weak explosions. For these models,
we have omitted the low-energy results from Figure 6, so that
the only data included represent simulations for which either
the shock has crossed the star, or the outer layers do not sig-
nificantly affect explosions of the given energy.
4. POST-SN DISK FORMATION, EVOLUTION, AND
OBSERVABILITY
In the following, we couple the results from the previous
two sections to discuss the post-SN phenomenology of the
ejected material. We treat the NS and BH cases separately.
For each star model, in order to establish whether the iron
core immediately collapses to a NS or a BH, we track its mass.
For the models we studied, masses are below ∼ 2.1M⊙ in all
the cases. A NS is expected to be the common outcome of
the implosion of the iron core immediately after the SN ex-
plosion1. However, for a large range of explosion energies
enough material is expected to fall back and form a BH. BH
formation from fallback has been widely discussed in the lit-
erature (e.g. Heger et al. 2003). In the following, for both
NSs and BHs, we will focus our discussion on the angular
momentum of the material that falls back, and hence on the
possibility of the existence of a short or long-lived fallback
disk.
For a fallback disk to be formed, a fraction of material must
remain bound, and it must possess a specific angular momen-
tum jm at least as large as the angular momentum at the last
stable orbit, jls.
The bound fraction of the stellar envelope at radius R will
fall back on a timescale on the order of the free-fall time
t f f (r) = pi
√
R3
8GM , (4)
where M is the enclosed mass inside radius r. The maximum
radial distance, rmax, reached by each parcel of material is
determined by the details of the explosion, with the explosion
energy playing the most important role. We compute the post-
explosion density profile of the gas as described in Sec. 3.
Each bound parcel of gas, of specific angular momentum
jm, after falling back will circularize at a radius Rcirc given by
the solution of the equation j(Rcirc) = jm. Once the bound ma-
terial has fully circularized in a ring, the following evolution
occurs on the viscous timescale2
t0 (Rcirc) =
R2
circ
H2αΩK
∼ 275 α−1−1 m−1/210 R3/210
( R
H
)2
s , (5)
where m10 = M/(10 M⊙), R10 = R/(1010 cm), ΩK is the
Keplerian velocity of the gas in the disk, H the disk scale-
height, and α the viscosity parameter (Shakura & Sunyaev
1973), written in units of α−1 ≡ α/0.1.
The accretion rate at early times, while fallback still pro-
ceeds, is determined by the longer of the two timescales
above. The subsequent evolution of the material, and its ob-
servable phenomenology, will depend on the initial ˙M, as well
as on the location at which the fallback ring of material circu-
larizes.
In the following, we will discuss the expected initial con-
ditions of the high- j fallback material for the wide range of
progenitor stars and explosion energies considered here.
1 These results are consistent with the findings of Heger et al. (2003). They
found that only for initial star masses M & 40M⊙ (and sub-solar metallicity)
a BH can be formed by direct collapse.
2 We note that, while Eq. (5) represents the classical viscous timescale,
material can flow at a faster rate if transition fronts (see e.g. Menou et al
1999) are present (Cannizzo 1998; Kotko & Lasota 2012).
4.1. Fallback and disk formation around Neutron Stars
We begin with the discussion of the expectations for our
standard models with magnetic torque. The remnant compact
objects are NSs for strong explosions, with the precise value
of E depending on M, Z, v.
Inspection of Figs. 1, 2 and 3 shows that, if the stellar evolu-
tion proceeds under conditions of strong magnetic coupling,
the outermost shells of material surrounding the newly born
NS never possess sufficient angular momentum to be able to
circularize into a disk, even for the fastest rotating main se-
quence stars at low metallicity. The circularization radius for
the small shells of material just outside the NS is at most a
couple of kilometers for the most favorable scenarios. In these
situations, if those shells are not ejected during the explosion,
that material will fall back and impinge on the NS surface
before completing a full orbit. These sudden episodes of ac-
cretion might give rise to X-ray flashes immediately following
the NS birth. However, the high opacity of the stellar enve-
lope at those early times (e.g. Chevalier & Fransson 1994)
will make these re-brightenings difficult to observe.
The fate of the fallback material after the SN explosion is
expected to be very different if magnetic torques do not play
any significant role during stellar evolution. To explore this
scenario, we ran two new sets of models; each set has the
same Z, M, v, but one case is with magnetic torques, and the
other without. The comparative results are displayed in Fig.4,
for stars of solar metallicity. It is apparent that, lacking mag-
netic torques to slow down the interior layers, there is plenty
of material with specific angular momentum large enough to
circularize outside of the NS radius. However, the explosion
energy needs to be rather fine-tuned so that not all the outer
layers are ejected, nor too much of them falls back causing
prompt collapse to a BH.
Let’s consider the case that the explosion energy happens to
be just about right so that only a small fraction, say . 0.1M⊙,
falls back. With the initial collapsing core ∼ 1.7M⊙ in
the considered model, such a fallback mass amount ensures
that the compact remnant remains an NS. We exploded the
Z100M16v20 model shown in Fig. 4 (left panel, profile with-
out magnetic torques) and found that, for an explosion energy
∼ 3 × 1052 erg, about 0.08 M⊙ of solar mass remains bound,
while the rest of the envelope gets unbound. This bound
∼ 0.08 M⊙ is located at a radius of about 2.6 × 108 cm in the
pre-SN star. Our fallback calculations find that the outermost
radial distance that this bound shell of material reaches during
the explosion before turning back is rmax ∼ 1.8×1010 cm. The
free-fall time of this material is on the order of a few hundred
seconds, and its circularization radius is at about 1.7×106 cm.
The time-dependent fallback accretion rate of the bound
0.08M⊙ shell of material is displayed in Fig. 7. The tem-
poral power-law decay, ∼ t−5/3, has been found before in sim-
ilar types of fallback calculations (MacFadyen et al 2001),
which relied on an alike density profile to ours.3 Since
3 The semi-analytical fallback calculations of Kumar et al. (2008) also
found an initial rate of fallback ∝ t−5/3, followed by a stepeer decay after a
few hundeds of seconds, which, in their particular progenitor model, corre-
sponded to a drop in the density profile. A direct correspondence between the
fallback timescale in their model and ours (as well as that of MacFadyen et al.
2001) cannot be made, since their computation did not include a simulation
of the explosion and the consequent fallback delay due to the shock pushing
out the material before it starts to fall back. Also, if the explosion is strong
and most of the material gets unbound such as in the case of Fig. 7, then the
steepening in ˙M is not seen since the outer parts of the star envelope, where
the density drops, have become unbound.
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for the Z1M16v20 model with no magnetic torques, and an explosion energy
of 3×1052 erg. For this explosion energy, only ∼ 0.08M⊙ remains bound and
falls back, and the remnant compact object remains an NS.
the viscous timescale t0 at the circularization radius is very
short (about a millisecond), and hence t0 ≪ t f f , the disk
can be imagined as evolving through a series of steady-state
configurations at very high accretion rates, varying between
∼ 10−3 M⊙ s−1 − 10−6 M⊙ s−1 within a few hundred seconds.
This is an accretion regime known as hyperaccretion.
Hyperaccretion around an NS, unlike the BH case, has re-
ceived a rather limited attention in the literature. Kohri et al
(2005) analyzed the problem with the aim of searching for an
extra energy source which may help supernova explode in nu-
merical simulations. They pointed out how, due to the very
high accretion rates, the accretion flow, once circularized into
a disk, would be a neutrino-dominated accretion flow (NDAF;
Popham et al. 1999; Narayan et al. 2001; Kohri & Mineshige
2002). Their analysis showed that, under a wide range of con-
ditions, strong outflows would develop, and carry away a large
fraction of mechanical energy. This energy might then help in
producing a successful supernova explosion.
More recently, Zhang & Dai (2008, 2009) studied the struc-
ture of a steady-state hyperaccretion disk around an NS, mo-
tivated by suggestions that the collapse of a massive star giv-
ing rise to a GRB might be powered by accretion onto an NS
instead of a BH. A fundamental difference between hyperac-
cretion onto an NS and onto a BH derives from the fact that
the BH has an event horizon, while the NS has a hard surface.
As a result, if the accreting object is a BH, the internal energy
in the accretion flow can be advected inward into the event
horizon without any energy release. On the other hand, if the
accreting object is an NS, the internal energy must eventu-
ally be expelled from the disk, since the NS surface prevents
energy advection into the star. A hyperaccreting disk around
an NS, similarly to the BH case, is very hot and dense, op-
tically thick to photons, and hence cooling is dominated by
neutrinos. The presence of the boundary layer at the NS sur-
face, and the consequent inability of the NS to advect energy,
causes an higher neutrino luminosity than in the case of BH
hyperaccretion. Such explosive events could therefore power
long GRBs. However, a quantitative comparison between the
fallback accretion rate predicted by our numerical simulations
(cfr. Fig.7), and the temporal evolution of the luminosity ob-
served in long GRBs (e.g. Zhang et al. 2006) cannot be re-
liably made at this stage. As discussed above, the detailed
way by which hyperaccretion around an NS proceeds is not
well known. Furthermore, the efficiency by which the fall-
back accretion rate gets converted into accretion rate onto the
NS and/or into winds must be changing with time, depending
on the magnitude of the fallback rate itself, since the accretion
mode depends on ˙M, and the accretion rate onto the NS sur-
face must remain Eddington limited. And this is in addition to
the uncertainty with which the accretion energy is then con-
verted into γ-rays during the prompt phase. Also note that, if
the remnant compact object is a rapidly spinning, highly mag-
netized NS as suggested as an alternative model for the long
GRB engine (Metzger et al. 2011), then the energy output
(and hence the possible signatures in the light curves) may be
dominated by the electromagnetic component rather than the
accretion one.
The above studies highlight the importance of the forma-
tion of hyperaccreting disks around NSs for supernovae and
Gamma-Ray Bursts. Our investigation shows that such disks
can be formed, but under special conditions: (i) magnetic
breaking must not be effective during the progenitor star evo-
lution; (ii) the explosion energy must be fine-tuned so that
a fraction of mass remains bound, but only a small fraction,
not exceeding a few tens of solar mass in order for the NS to
remain stable, or else it would produce an accretion induced
collapse of the NS into a BH, also characterized by an early
hyperaccreting phase (Giacomazzo & Perna 2012).
The disks discussed above, independently of their specific
structure, and the presence or not of outflows, are character-
ized by being highly transient, with relatively short durations
of at most several hundreds of seconds. Given their formation
within a few Schwarzschild’s radii, these disks get rapidly
depleted before they can expand to sufficiently large radii
and form the extended, low-accretion, and long-lived disks
(104 − 105 yr) which have been widely discussed in the NS
literature, as summarized in the introduction. Therefore, we
can robustly conclude that long-lived fallback disks around
isolated NSs are not expected to be common. Their forma-
tion would require a set of very fine tuned conditions, such
as an explosion which is strong enough to unbound the in-
nermost layers surrounding the NS, but anisotropic in such a
way that some of the outer, high- j layers were not affected
and could fallback on a much longer timescale at much larger
radii. Mixing between layers with different initial angular mo-
mentum could further occur due to hydrodynamic instabilities
(e.g. Fryxell, Arnett & Mueller 1991; Chevalier, Blondin &
Emmering 1992). However, whether these instabilities could
possibly lead to the formation of a small-mass disk at larger
radii (with everything inside emptied to avoid the accretion
induced collapse of the NS to a BH) would have to be inves-
tigated through detailed numerical simulations.
The above considerations have not considered the poten-
tially important effect of the interaction between the accreting
matter and strong magnetic fields in the newly born NSs. This
is a topic which has received a considerable degree of atten-
tion in the literature, both analytically and semi-analytically
(e.g. Illarionov & Sunyaev 1975; Ghosh & Lamb 1979;
Lovelace et al. 1995, 1999; Ikhsanov 2002; Rappaport et al.
2004; Eksi et al. 2005; D’Angelo & Spruit 2010; Piro & Ott
2011), as well as numerically (e.g. Hayashi et al. 1996; Miller
& Stone 1997; Fendt & Elstner 2000; Matt et al. 2002; Ro-
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manova et al. 2004, 2009). A strong magnetic field exerts a
pressure on the accretion flow, which is able to balance the
ram pressure of the accreting material at a radius on the or-
der of the magnetospheric radius, Rm = [µ2/(2GM)1/2 ˙M]2/7,
where µ is the magnetic stellar moment (e.g. Davidson &
Ostriker 1973). This radius defines approximately the inner
boundary of the accretion disk. A magnetized NS is able to
accrete only under the condition that, at the magnetospheric
radius, the velocity of the rotating magnetosphere (equal to
the stellar angular velocityΩ0) is smaller than the local Keple-
rian velocity of the disk material, ΩK(Rm); if this condition is
not satisfied, a centrifugal barrier will inhibit accretion ( Illar-
ionov & Sunyaev 1975). The above condition can be equally
reformulated by stating that the magnetospheric radius must
be smaller than the corotation radius Rco = (GM/Ω2)1/3,
which is the radius at which the Keplerian frequency of the
orbiting matter is equal to the NS spin frequency. For a hy-
pothetical fallback disk not to be influenced by the magnetic
field of the NS, the magnetospheric radius must not be larger
than the corotation radius, which yields a lower limit onto the
accretion rate,
˙M > ˙Mprop,crit = 6 × 10−9 µ230 M−5/31.4 P−7/31 M⊙ s−1 , (6)
where µ30 ≡ µ/1030 G cm3, P1 ≡ P/1 s, M1.4 ≡
M/1.4M⊙. Other effects (related to the presence of magnetic
fields) which can hinder the formation of a disk are dipole
spin-down radiation and a neutrino-driven, magnetically-
dominated wind (Thompson et al. 2004; Piro & Ott 2011).
These yield, respectively, further limits on the accretion rate,
˙M > ˙Mdip,crit = 1.8 × 10−11 µ230 M−1/21.4 P−41 R1/212 M⊙ s−1 , (7)
and
˙M > ˙Mν,crit = 5.4 × 10−8 µ4/530 M−1/21.4 P−8/51 ˙M3/5ν,−3 R1/212 M⊙ s−1 .
(8)
In the above equations, R12 ≡ R/12 km, and ˙Mν,−3 ≡
˙Mν/10−3 M⊙ s−1 is the mass-loss rate caused by the neutrino-
driven wind.
In the case of the disks produced under the conditions
discussed above (negligible magnetic torques, strong explo-
sion that leaves only the innermost few tens of solar masses
bound), we find that the very high accretion rates, ˙M &
10−6 M⊙/s, generally dominate over magnetic effects unless
the NS is born with a magnetar-type field, and with a period
on the order of the millisecond. In these cases, the NS-disk
system would be in the propeller phase, and the disk may be
disrupted through a combination of the transfer of accretion
power and rotational power of the NS to the disk (Eksi et al.
2005).
All together, the presence of strong magnetic fields in the
newly born NS would only make the formation and survival
of a hypothetical fallback disk even more difficult. However,
we note that a possible avenue that might create the condi-
tions for an extended disk at larger radii could occur through
’recycling’ of the matter expelled during the propeller phase,
i.e. if some of the material which has gained angular mo-
mentum through momentum transfer at the magnetospheric
radius during the propeller phase does not get unbound, and
falls back at radii much larger than Rm (Perna, Bozzo & Stella
2006). While this is a possibility, we however note that it re-
quires even more special conditions to be realized: negligible
magnetic torques so that the innermost layers of material have
j > jK(R), a strong explosion so that only a few tens of mass
fall back; strong NS B field and short birth period to allow the
propeller phase to set in, anisotropic conditions in the pulsar
wind outflow so that the disk is not blown away, and con-
straints on the parameters B, P and ˙M so that a fraction of the
propelled material does not get unbound.
4.2. Fallback and disk formation around Black Holes
For those stars which leave behind a BH remnant, the for-
mation of a fallback disk, while being common in the less
physically relevant B = 0 case, is also relatively common
when magnetic torques play a significant role in the post
main-sequence evolution, unlike the NS remnant case. The
detailed outcome is however a function of mass, metallicity
and rotational speed of the main sequence star, as well as the
explosion energy. For a fallback disk to be formed, a fraction
of material must remain bound, and it must possess a specific
angular momentum jm at least as large as
j(R) =
√
GMR
[
R2 − 2(a/c)
√
GMR/c2 + (a/c)2
]
R
[
R2 − 3GMR/c2 + 2(a/c)
√
GMR/c2
]1/2 . (9)
at the last stable orbit, where j represents the specific angular
momentum of a particle on a corotating orbit of a black hole
of mass M and angular momentum J = aM.
From the results of the grid of simulations that we have run,
we distinguish two main scenarios for the ensuing observable
phenomenology:
4.2.1. Hyperaccreting disks from fast-rotating/chemically
homogeneous evolved stars
In our grid, for metallicities . 10% of solar, there is,
for each mass value considered, a critical rotational velocity
above which the evolution proceeds in a chemically homoge-
neous way (see discussion in Section 2). In the pre-SN phase,
the star is compact and the core is fast rotating. For explo-
sion energies . 1052 ergs, we have found that there is always
a non-negligible amount of fallback mass. The range of ro-
tational velocities for which this fallback material is able to
circularize outside the last stable orbit is an increasing func-
tion of the main sequence star mass, as discussed in Sec. 2.
The free fall time of the outermost layers is typically on the
order of tens of seconds, giving rise to a phase of rapid and in-
tense accretion. These types of post-SN outcomes from mas-
sive, rapidly rotating, low-metallicity stars are believed to be
the ones powering the typical long GRBs, and their properties
have been widely discussed in the literature, both in the con-
text of their formation within the SN collapse (Woosley 1993,
MacFadyen & Woosley 1999; MacFadyen, Woosley & Heger
2001), as well as in the context of the post-explosion evolu-
tion, when a hyperaccreting, neutrino-cooled disk is believed
to be formed (Popham et al 1999; Narayan et al. 2001; Di
Matteo et al. 2002; Janiuk et al 2004, 2007; Lee & Ramirez-
Ruiz 2006; Surman et al. 2006; Shibata et al. 2007; Chen &
Beloborodov 2007). The duration of these disks, while vary-
ing depending on the specific angular momentum distribution
of the progenitor star (e.g. Janiuk & Proga 2008), remains
within at most several hundreds of seconds.
Given the extensive investigations in the literature on the
topic of hyperaccreting disks around BHs and their relevance
to GRBs, we will not discuss these disks any further here, and
refer the reader to the appropriate literature cited above for
details.
11
4.2.2. Long-lived disks from slow-rotating/chemically
inhomogeneous evolved stars
As discussed in Section 2, for each couple of Z, M values,
there exists a critical rotational velocity below which the evo-
lution does not lead to full mixing. These stars lose substan-
tially less mass, and hence they have a much larger radial ex-
tent in the pre-SN phase. The free fall times of the outermost
layers can reach the ∼ year timescale for very low-metallicity,
massive stars (see also Paxton et al. 2013). By inspection of
the angular momentum distribution of the chemically inho-
mogeneous evolved stars in Figs. 1, 2 and 3, we note that, de-
pending on the explosion energy, there is a very large range of
timescales for the bound material to fall back, all the way from
milliseconds to years. Therefore, transients with durations
of several days such as those observed in the sample of very
long GRBs (Levan et al. 2013) should not be as surprising in
the context of massive star explosions (as long as the jet still
manages to penetrate the envelope). Here, we will not dwell
on these intermediate-duration cases (see Woosley & Heger
2012 for a more in-depth discussion of these situations), but
we will rather focus on the fate of the outermost layers of the
envelope in those scenarios (weak and/or anisotropic explo-
sion) in which these outermost layers still remain bound after
the explosion, and eventually fall back.
Whether this material is able to circularize into a disk is,
once again, a function of metallicity, mass, and initial rota-
tional velocity of the MS star. For the 1% and 10% metal-
licity cases, the 13 and 20 M⊙ models display a significant
range of rotational velocities for which the specific angular
momentum of the fallback material is well above the required
value to circularize beyond the last stable orbit. The velocity
range for circularization is reduced for the higher mass mod-
els that we studied (30 and 40 M⊙). However, even at solar
metallicities, the two lower mass cases still display a range of
rotational velocities for which the specific angular momentum
of the outer envelope exceeds the circularization value at the
last stable orbit.
The fate of these high- j outer layers is heavily dependent on
the explosion energy. Not surprisingly, they are blown away
for a wide range of explosion energies. However, for very
weak explosions, the outer envelope may still remain loosely
bound, and hence able to form a disk upon return. Our fall-
back calculations (see Section 3) which, for the Z1M13v32
and Z10M13v32 models were run for much longer timescales
(tfin = 107 s) and for weaker explosion energies than displayed
in Fig. 6 (down to E = 1048 erg), have shown that, for ex-
plosion energies . a few ×1048 erg (Z10M13v32 case) and
. 1049 erg (Z1M13v32 case), the outer layers remain bound.
These scenarios lead to BHs in the ∼ 10M⊙ range, surrounded
by extended fallback disks of several solar masses.
We remark that the values of the explosion energy that we
quote here and throughout the text represent the isotropic val-
ues. However, if the explosion is anisotropic, as suggested by
observations of SN 1987A (e.g.Hillebrandt & Ho¨flich 1989;
McCray 1993) and a number of other SNe (e.g. Fassia et al.
1998; Spyromilio 1991; Woosley et al. 1994), and a higher
fraction of energy is deposited along the rotation axis, then,
even an apparently rather energetic explosion could result in
a relatively low amount of energy transferred to the equato-
rial regions, and hence a larger amount of fallback material
would be available to form a disk. Alternatively, other av-
enues to produce fallback of the outer layers could involve
very weak or absent shocks. Woosley & Heger (2012) ex-
plored this avenue in the context of blue supergiants with low
mass-loss rates, tidally interacting binaries with either helium
stars or giant stars, and the collapse to a BH of very massive
pair-instability supernovae.
In the following, we will study in more detail the expected
properties of these fallback disks, and their relevance to ob-
servations for a couple of specific cases, in particular models
Z1M20v25 and Z10M13v32. We begin by estimating the ini-
tial radial extent of the disk by computing the circularization
radius Rcirc for the outermost shells, if they all fall back. In
the Z1M13v37 model, the innermost ∼ 5 − 6M⊙ of material
accretes rapidly onto the BH without being able to circular-
ize. Outside of those envelope layers, the infalling material
possess sufficient angular momentum to form a disk. By solv-
ing the equation j(Rcirc) = jm as discussed above, we find that
the outermost ∼ M⊙ of material circularizes in a ring between
∼ 1.4 × 109 − 3.8 × 109 cm for model Z10M13v32, and be-
tween ∼ 2.7× 109 − 1.6× 1010 cm for model Z1M20v25. For
a BH of ∼ 10−11 M⊙ in the former case, and of ∼ 17−18 M⊙
in the latter, these outermost regions correspond to ∼ 1000
Schwarzschild’s radii scale.
In the post explosion phase, the fallback material is very
hot, and H ∼ R, yielding t0 ∼ 200 s. The free-fall time is
considerably longer. Even in the case of a negligible shock,
i.e. with the outer layers falling back from their original loca-
tion within the progenitor star, t f f & 106 s. Since t f f ≫ t0,
the initial accretion rates are on the order of ˙Md ∼ Md/t f f ∼
10−6M⊙ s−1. After the envelope has fully fallen back, the evo-
lution will be driven by viscous evolution. The early times
during which the accretion rate is highly super Eddington are
characterized by a hot, optically thick flow, similar to the tran-
sient GRB phase, but with some important differences, and in
particular, that the disk is no longer neutrino-cooled. Chen
& Beloborodov (2007; see also Popham et al. 1999) find
that, below a certain critical accretion rate Mc, neutrinos are
no longer dominating cooling. Mc is a function of both the
BH spin parameter as well as the viscosity parameter α. For
α = 0.01, neutrino cooling is negligible within ∼ 100 Rs for
any value of the spin parameter if Mc . 0.01 M⊙, and Mc in-
creases with α. At the much lower fallback accretion rates ex-
pected from the outer layers of the stars under consideration,
neutrino cooling will hence be unimportant. Under these con-
ditions, accretion becomes relatively inefficient, and may pro-
ceed as an advection-dominated accretion flow (Narayan & Yi
1994, 1995). These types of flows, characterized by a positive
Bernoulli constant, lose considerable mass into a wind, re-
sulting in an accretion rate which decreases with radius. The
available kinetic luminosity, on the order of 1046−47 erg s−1,
may however still be sufficient to power a jet, albeit much
weaker than in the standard GRBs, and yield an event which,
at early times, may resemble a weak and very long γ-ray tran-
sient (Quataert & Kasen 2012, Woosley & Heger 2012).
The time-dependent, long-term evolution of a hyperaccret-
ing disk around a BH has been discussed by Cannizzo &
Gehrels (2009; see also Kumar et al. 2008; Metzger et al.
2008; Cannizzo et al. 2011) in the framework of the self-
similar solutions derived by Pringle (1974, 1991) for the time
evolution of disks with a free outer boundary for the viscosity
parameterization (without outflows). Setting the precise ini-
tial condition for the beginning of the self-similar evolution
(post-fallback phase) is not a trivial issue. During the long
fallback period, the very short viscous timescale causes pre-
vious rings of fallback material to quickly spread; the inner
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layers accrete onto the BH, while the outer edge moves to in-
creasingly outer radii. Fresh material that falls back may then
interact and shock with the older circularized material rings.
In the following, we will focus on the fate of the outermost,
highest j layers of the envelope, which fall back last and cir-
cularize at radii in the range of a few ×109 - a few ×1010 cm.
In the super-Eddington slim disk model, and for timescales
longer than the viscous time t0, the time evolution of the disk
mass Md, of its accretion rate ˙Md, and of its radius Rd can be
approximated by the self-similar solutions
Md(t)=Md(t0)
(
t
t0
)−1/3
, (10)
˙Md(t)= ˙Md(t0)
(
t
t0
)−4/3
(11)
Rd(t)=Rd(t0)
(
t
t0
)2/3
, (12)
under the assumption of negligible mass outflows (and hence
radius-independent mass accretion rate; Kumar et al. 2008;
Metzger et al. 2008; Cannizzo et al. 2011). At this rate of ac-
cretion, the flow becomes sub-Eddington after about 10 years
(scaling in units of a BH mass of 15 M⊙ and a ring initially at
1010 cm). At that time, the left-over disk mass (for an initial
ring of ∼ 1 M⊙) is about a percent of solar mass, and the outer
radius of the disk has expanded to about 1014 cm. From that
point on, the disk can become easily cooled by photons, and
the structure is more likely to resemble an optically thick, ge-
ometrically thin disk. With H/R ∼ 0.1, the viscous timescale
becomes now substantially longer, ∼ a few ×108 s, and the
accretion rate declines at a slightly more gentle rate. During
this phase of evolution, Cannizzo et al (1990) found that the
disk mass, the accretion rate and the outer radius can be ap-
proximated by the self-similar solutions
Md(t)=Md(t0)
(
t
t0
)−3/16
, (13)
˙Md(t)= ˙Md(t0)
(
t
t0
)−19/16
, (14)
Rd(t)=Rd(t0)
(
t
t0
)3/8
, (15)
for t & t0. Note that, in both the above self-similar solutions,
the equation for the disk radius results from the assumptions
that most of the disk mass resides in its outermost regions
and that the total angular momentum of the disk is conserved.
Both these conditions are satisfied in the disk after the fallback
phase has ended.
According to the relations above, the disk has the potential
to be bright for a very long time. For example, at an age of
∼ 105 yr, such a disk, of mass ∼ 10−3 M⊙ s−1, would have an
accretion rate of about ∼ 1014 g s−1. The expected luminosi-
ties of these disks for ages ∼ 104 − 105 yr end up to be in the
range of what was discussed for fallback disks around NSs as
models to explain the luminosities of the Anomalous X-ray
Pulsars (Perna, Hernquist & Narayan 2000). We should also
note that the potential for luminous fallback disks left over
around BHs after the NS explosion has been discussed by Liu
(2003) as a model for Ultraluminous X-Ray Sources.
After the last phase of a geometrically thin, optically thick
disk has set in, the following evolution of the gaseous mate-
rial will depend heavily on the characteristics of the opacity,
and in turn on the metallic content of the material. A de-
tailed discussion of fallback disks from SN explosions (albeit
aimed at disks formed around NSs) was presented by Menou
et al. (2001b). Their investigation revealed that the power-
law evolution continues until a point at which the tempera-
ture becomes low enough that the thermal-ionization instabil-
ity may set in (e.g. Haumery et al. 1998; Menou et al. 2001b).
From that point on, the magneto-rotational instability, which
provides an important source of viscosity (Balbus & Hawley
1991) may no longer be able to operate, and then the outcome
would be that of a ’dead’ disk, unable to accrete viscously,
and simply cooling. For a solar composition disk, the local
stability criterion is (e.g. Hameury et al. 1998)
˙Md(R) > ˙Mcrit(R) ≃ 9.5 × 1015 m−0.910 R2.6810 g s−1 , (16)
where R10 is the radius of interest in units of 1010 cm. For He-
lium and metal-dominated disks, one may expect slight de-
viations from the scaling above (e.g. Menou et al. 2001b).
In the case of the disks under consideration here, and strictly
adopting Eq. (16), the outermost parts would have become
passive up to a radius of ∼ 2 × 1011 cm at the time of the
transition between the super-Eddington phase described by
Eq. (12) and the sub-Eddington one described by Eq. (15).
However, we note that Eq.(16) has been derived under the
condition of a geometrically thin disk, and hence it should not
be applied to the optically thick, hyper Eddington conditions
of the early times4. Furthermore, even during the early phases
of the sub-Eddington phase, when the accretion rate is still
relatively high, irradiation of the outer parts of the disk by the
X-rays produced in the inner regions of the disk itself (disk
self-irradiation) can affect both the time evolution of the ac-
cretion rate ( ˙Md ∝ t−4/3 for irradiation-dominated disks; Can-
nizzo & Gehrels 2009), as well as the critical mass accretion
rate below which the disk becomes thermally unstable (Dubus
et al. 1999; Menou et al. 2001b; see also Currie & Hansen
2007 for fallback disk evolution with layered accretion).
In the disks under consideration here, the outer parts have
had enough time to expand to relatively large radii (1013 −
1014 cm) during the hyper Eddington phase, when the viscous
timescale is very short. Therefore, albeit keeping in mind
that the scalings of Eq.(12) are approximate, and that there
are many uncertainties in the early hyper Eddington phases
(including the likely presence of outflows which are not cap-
tured by Eq.(12)), we entertain the possibility that, early on,
mass has been transported beyond the radius at which the MRI
stops operating when the disk cools at later times.
Among the interesting consequences of a long-lived and ex-
tended fallback disk around a BH, is the intriguing possibil-
ity of forming planets, which, after the disk has dispersed,
would remain in orbit around the BH. Such a scenario was
originally proposed by Lin et al. (1991) for the origin of
the planets around the radio pulsar PSR 1257+12 (Wolszczan
& Frail 1992; Wolszczan 1994), and further investigated by
Currie & Hansen (2007). Conditions for planet formation,
through phases of grain growth and planetesimal formation,
4 The stability properties of hyperaccreting disks have been studied by a
number of authors (e.g. Di Matteo et al. 2002; Chen & Beloborodov 2007);
due to the very high temperatures, these disks have been found to be stable
with respect to the thermal and viscous stability, but possibly gravitationally
unstable in the outer regions (see also Perna, Armitage & Zhang 2006). Dead
zones due MRI suppression have been identified as a result of the neutrino
viscosity in the innermost parts of the disk (Masada et al. 2007). However,
these are not of a concern to us, since at accretion rates ∼ 10−7 −10−6M⊙ s−1
the flow is optically thin to neutrinos.
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have since been shown to arise in the outer regions of these
fallback disks. However, for planets to be able to survive,
the disk must extend beyond the tidal disruption radius for a
self-gravitating body of density ρ (e.g. Aggarwal & Oberbeck
1974) orbiting an object of mass M
Rtid ≈
(
M
ρ
)1/3
. (17)
For a BH of ∼ 15 M⊙, a self-gravitating body of density ρ ≈
1 g cm−3 has a tidal radius of ∼ 2.5 × 1011 cm, and hence the
outer layers of mass which have spread out to ∼ AU distances
would allow for the formation and survival of planets.
5. SUMMARY
Fallback disks around newly born compact objects have
been invoked to explain a large variety of phenomena. Hyper-
accreting disks from the collapse of low-metallicity, rapidly-
rotating stars are believed to power long gamma-ray bursts,
and have been amply discussed in the literature. In this pa-
per, using the state-of-the-art open source code MESA, we
explored the fate of fallback material for 60 stellar models
with initial mass in the range 13 − 40 M⊙, metallicities be-
tween 0.01 and 1 Z⊙ and initial surface rotational velocities
between 0.25 and 0.75 of the critical value. Our main fo-
cus has been the fate of the high- j fallback material able to
circularize and form a disk. By considering a range of ex-
plosion energies, we have explored fallback disk formation
around both NS and BH remnants. Our ’standard’ model in-
cluded transfer of angular momentum among various layers
via magnetic coupling; however, we also explored the evolu-
tionary scenario under the assumption of negligible magnetic
torques.
Our main findings are summarized below:
• For strong explosions which leave behind NS remnants,
we find that, if magnetic coupling plays an important
role during the stellar evolution, the specific angular
momentum of the shells immediately outside of the iron
core is never large enough for the material to be able to
circularize in an orbit outside of the NS radius. Hence
fallback disks around newly born NSs are not a com-
mon outcome of the SN explosion for strong magnetic
coupling.
• If the evolution lacks magnetic coupling among the var-
ious layers, a much higher j in the pre-SN star is ob-
tained. In this case, the fallback material does have
enough angular momentum to circularize outside the
NS radius, even for solar metallicity stars. However, the
distribution of the specific angular momentum would
require rather fine-tuned conditions in order to produce
an extended, long-lived fallback disk. For a very nar-
row range of explosion energies, a few tens of solar
mass of material can fallback and circularize, but just
outside the NS surface, hence resulting in a hyperac-
creting, highly transient and short-lived disk. Circular-
ization of the outer layers of the envelope at some larger
radii would require very special conditions in the ex-
plosion geometry: the innermost layers would need to
be blown away (or else the NS would quickly turn into
a BH), while the outermost layers would need to re-
ceive very little of the explosion energy. These special
conditions, coupled with the fact that models without
magnetic torques are disfavored by observations of the
periods of young pulsars, have led us to conclude that
extended, long-lived fallback disks around isolated NSs
are not expected to be a common outcome of supernova
explosions.
• For explosion energies leading to BH remnants, we find
that there is always a region in the M, Z, v, E parame-
ter space for which fallback disks are a possible out-
come, independently of whether magnetic torques play
an important role in the evolution of the star. How-
ever, the size of these regions in the parameter space
depends on the strength of the magnetic coupling. The
explosion material from stars evolved with negligible
magnetic torques is able to circularize even for solar-
metallicity models with typical initial surface veloci-
ties 3surf,ini ∼ 0.2 3crit. In the models with strong mag-
netic coupling, on the other hand, fallback disks are
common predominantly at lower metallicities (consis-
tent with what has been found by a number of previous
investigations).
• The lower metallicity, faster rotating stars, which lose
the outer envelope during their evolution, possess com-
pact fallback disks (circularization occurs within a few
tens of Schwarzschild’ radii), which result in highly su-
per Eddington accretion rates. The typical fallback time
is on the order of a few tens of seconds. The properties
of these disks have been widely investigated in the lit-
erature as the engines powering long duration Gamma-
Ray Bursts, and we have briefly reviewed them here.
• For very weak explosions (or largely anisotropic ex-
plosions, with little energy released in the equatorial
regions), even the outermost layers of the star can re-
main bound. In the slower rotating models, for masses
. 20 M⊙ and metallicities . 0.1Z⊙, these outer layers
possess a large specific angular momentum. When they
fall back, a relatively large mass, ∼ M⊙, circularizes
at a large radius, & 103Rs. This outcome is common
independently of the strength of magnetic torques, as
long as the explosion is sufficiently weak or sufficiently
asymmetric.
These massive disks around BHs are expected to be
long-lived, although the specifics are largely dependent
on the properties Z, M, v, B of the main sequence star.
For a typical massive star of M = 13 M⊙, 3surf,ini ∼
0.3 3crit and metallicity in the range Z ∼ 1−10 %Z⊙, we
find that the outermost ∼ M⊙ of material falls back on a
timescale of several months to ∼ year, and circularizes
at radii on the order of a few ×109−1010 cm (larger val-
ues correlate to lower metallicities of the main sequence
star). The initial accretion rate is ∼ 10−7−10−6 M⊙ s−1.
During the early hyper Eddington phase, when the vis-
cous timescale is very short, these disks can extend to
radii on the order of the AU, where tidal forces would
not be strong enough to disrupt large gaseous bodies.
These disks may harbor the conditions to form planets,
hence leading to the possible existence of planets orbit-
ing BHs.
This work was partially supported by NSF grant No. AST
1009396 (RP), NSF grant AST-1009863 (AM) and NSF grant
PHY11-25915.
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